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The electroweak symmetry breaking (EWSB) sector of the Standard Model can be far richer and
more interesting than the usual single scalar doublet model. We explore scenarios where the EWSB
sector is nearly scale invariant and consequently gives rise to a light CP even scalar particle. The
one-doublet SM is in that category, as are many other models with either weakly or strongly coupled
sectors that trigger EWSB. We study the couplings of the light scalar to the SM particles that can
arise from the explicit breaking of scale invariance focusing on the possible differences with the
minimal SM. The couplings of the light scalar to light fermions, as well as to the massless gauge
bosons, can be significantly enhanced. We find possible new discovery channels due to the decays of
the conformal scalar into e+e− and µ+µ− pairs as well as new production channels via light quark
annihilation.
I. INTRODUCTION
One of the main goals of experiments at the Tevatron
and at the upcoming Large Hadron Collider (LHC) is to
unravel the mechanism of electroweak symmetry break-
ing (EWSB). The minimal way to obtain EWSB is to
add to the Standard Model (SM) an SU(2) doublet Higgs
scalar field whose vacuum expectation value sets the elec-
troweak scale v ≃ 246 GeV. However, this simple model
should perhaps be regarded as a parameterization rather
than a dynamical explanation of EWSB. In particular,
the square of the Higgs mass parameter must be finely
tuned (the hierarchy problem) and chosen to be of the
correct sign in order to generate the scale v.
Resolving the shortcomings of the minimal Higgs pic-
ture has been the main motivation for constructing ex-
tensions of the SM in which new degrees of freedom arise
at the TeV scale. A common perception is that the
close agreement between precision electroweak measure-
ments [1] and the SM plus a light Higgs favors weakly
coupled TeV scale physics. Extensions of this sort in-
clude supersymmetry [2] or Little Higgs and related mod-
els [3, 4, 5, 6]. However, the electroweak data does not
necessarily exclude numerous models with strong dynam-
ics, for example certain variants of technicolor [7, 8], or
models with extra dimensions [9, 10, 11, 12]. Such mod-
els might evade the experimental constraints if there are
additional symmetries or if the predictions of the new
strong interactions do not obey the naive dimensional
analysis estimates.
Of course, it is also conceivable that the solution to
the hierarchy problem will simply evade us at energies
accessible to the LHC. Should this be the case, there is
still no guarantee that the EWSB sector is as simple as
the minimal Higgs doublet, see for example Refs. [13,
14, 15]. More complicated scenarios that do not address
the hierarchy problem may seem unmotivated, but soon
there will be data on the particle spectrum in the TeV
range, making theoretical prejudices unnecessary.
With so many dramatically different possibilities for
the EWSB sector, it would be useful to have some sort
of organizing principles for the new particle interactions.
While we do not know of such principles in general, one
may note that a large class of scenarios contain in their
spectrum a CP even scalar field that is light in com-
parison to the masses of all other new states. This can
be attributed to an enhanced symmetry, namely an (ap-
proximate) scale invariance which is spontaneously bro-
ken at a scale f ≥ v. The light scalar can be identified
as the pseudo-Goldstone mode associated with the spon-
taneous breaking of conformal symmetry. Its mass is
naturally light, proportional to the symmetry breaking
scale f times the small parameter that characterizes de-
viations from exact scale invariance. We refer to such a
pseudo-Goldstone boson as a dilaton.
A particular example of this framework is the minimal
SU(2) doublet model itself. In this case, the only sources
of scale symmetry breaking are in the Higgs potential,
and thus f = v (we are neglecting the small breaking of
conformal symmetry due to SM loop effects in this discus-
sion). Choosing the mass parameter in the Higgs poten-
tial small compared to v, that is small explicit breaking
of scale symmetry, results in a light Higgs which can be
identified with the dilaton. The underlying conformal in-
variance at the scale v also governs all the properties of
the light Higgs particle, for instance tree-level couplings
to SM fermions and gauge bosons. Viewed in this light,
Higgs-like phenomenology is a generic feature of theories
that contain an approximate scale symmetry. A similar
pattern of couplings can be expected to arise in more
complicated EWSB sectors with a light scalar field in
their spectrum.
Ref. [16] considered the case where the dilaton comes
from a strongly coupled nearly conformal extension of
the Standard Model. In such a scenario, most new states
associated with EWSB are heavy and broad (masses and
widths of order ΛEW ∼ 4πv), making them difficult to
resolve at the LHC. On the other hand, the theory has
a light, narrow dilaton mode which could easily be mis-
taken for the ordinary SM Higgs boson.
In this paper we consider the properties of a light scalar
particle from a more general perspective. In particular,
we identify the new scalar resonance with the dilaton,
2and therefore use conformal symmetry to constrain its
couplings to the SM. Here, we do not necessarily assume
that it is the only new particle observable at the LHC.
Of course, if other new states are discovered, that will
certainly be crucial for distinguishing between different
models. In any case, the symmetry arguments employed
here would provide a useful way of parameterizing the
properties of the lightest scalar particle in the spectrum.
For collider phenomenology, we concentrate on the op-
erators that explicitly break scale invariance, as it is these
terms that will be most useful for discrimination between
the dilaton and a minimal Higgs scalar. Of particular
interest are operators that involve light SM fields in ad-
dition to the dilaton, which are the most sensitive to the
effects of symmetry breaking. In the SM, the dilaton-
fermion couplings are proportional to the fermion mass.
This is true for the dilaton as well if there are no ex-
plicit violations of scale symmetry. When scale symmetry
is violated by operators involving fermions, the dilaton-
fermion couplings need not vanish in the massless fermion
limit. An enhancement of such couplings is important for
collider phenomenology, through new dilaton production
and decay channels that are negligibly small in the case
of the SM Higgs boson.
The paper is organized as follows. In Sec. II we de-
scribe our setup. There we use symmetry arguments to
analyze the general properties of the dilaton couplings to
SM fields. In Sec. III we illustrate these ideas by showing
how they are realized in perturbative models of extended
Higgs sectors. Our methods are most useful when simple
perturbative calculations are not available (that is when
EWSB is induced by spontaneous breaking of conformal
symmetry due to strong interactions), but the reasoning
based on symmetry is clearly general. Sec. IV is devoted
to phenomenology. We discuss constraints from the Teva-
tron and predictions for the LHC. We conclude in Sec. V.
II. SETUP
We are interested in describing the low-energy limit of
SM extensions in which conformal invariance is sponta-
neously broken at some scale f (or around ΛCFT ∼ 4πf
if the theory is strongly coupled). We assume f ≥ v, and
that any new particles with electroweak quantum num-
bers are heavy, with masses of order TeV. Thus EWSB
is parameterized in terms of the EW chiral Lagrangian,
and we must include in our effective theory an SU(2)
matrix of EW Goldstone bosons U(x). The low-energy
theory then consists of an electroweak singlet pseudo-
Goldstone boson related to non-linearly realized scale
symmetry (the dilaton mode) which is coupled to SM
fields plus the chiral EW Lagrangian.
The couplings of the dilaton mode χ(x) to other light
fields depend on how the SM is embedded in the confor-
mal sector. The most predictive situation (considered in
Ref. [16], and reviewed below) corresponds to the case in
which the SM gauge bosons and fermions arise as com-
posites of the spontaneously broken conformal field the-
ory (CFT). The couplings of χ(x) to the SM become
model dependent if some of the SM fields are spectators
to the strong CFT dynamics. We consider this case in
Sec. II B.
A. Conformally embedded SM fields
If the SM fields are embedded in the conformal sector,
the prescription for coupling them to the dilaton is sim-
ple. Start with the SM Lagrangian renormalized at some
scale µ,
LSM =
∑
ci(µ)Oi(x), (1)
where the operator Oi has definite scaling dimension
[Oi] = di, i.e. Oi(x) → eλdiOi(eλx) under the scale
transformation xµ → eλxµ. Non-linearly realized scale
invariance is then incorporated by introducing a flat
direction (or “conformal compensator field”) χ(x) that
transforms according to
χ(x)→ eλχ(eλx) (2)
under scale transformations. To make LSM invariant un-
der scale transformations one then replaces
ci(µ)→
(
χ
f
)4−di
ci
(
µ
χ
f
)
(3)
in Eq. (1). Introducing a canonical kinetic operator for
χ(x) and expanding about the VEV 〈χ〉 = f , one obtains
to linear order in the fluctuation χ¯ = χ− f
Lχ = − χ¯
f
T µµ, (4)
where T µν is the SM energy momentum tensor, and
the trace includes quantum effects due to the conformal
anomaly. In addition, there are non-linear couplings of
χ¯ to the SM, which are determined by scale invariance
from Eq. (3), but these will not play a role in the collider
phenomenology discussed later in this paper.
The above result gives, for example, tree level cou-
plings of χ¯ to massive gauge bosons and fermions that
are identical to those of the minimal Higgs, rescaled by
a factor of v/f :
Lχ =
(
2χ¯
f
+
χ¯2
f2
)(
m2WW
+
µ W
−µ +
1
2
m2ZZµZ
µ
)
− χ¯
f
∑
ψ
mψψ¯ψ + · · · . (5)
This is consistent with the statement that, at tree level,
the minimal Higgs boson is an example of a dilaton mode
for which v = f .
3In addition there are loop induced couplings to mass-
less gauge bosons, which are crucial for collider phe-
nomenology. At one-loop order in the gauge couplings
and to all orders in χ these take the form.
Lχ =
[αEM
8π
bEM (Fµν)
2 +
αs
8π
bG(Gµν )
2
]
ln
χ
f
. (6)
Here, bEM , bG are one-loop beta function coefficients for
the gauge couplings e and gs, including all CFT states
heavier than the dilaton mass mχ (once explicit sym-
metry breaking is included; see below). By conformal
invariance, the beta functions including all states (CFT
plus SM) vanishes and we may trade bEM , bG for minus
the SM beta function coefficients with all relevant SM
fields lighter than mχ [16]. Thus, for example,
bG = 11− 2
3
nf , (7)
where nf = 6 is the number of SM quarks. In the case of
the SM Higgs, loops of new heavy colored particles also
induce operators such as those of Eq. (6) (e.g. from new
chiral quarks) as well as dimension-six couplings propor-
tional to H†H(Gµν)2. Prospects for disentangling the
contribution of both of these types of operators at the
LHC are discussed in Ref. [17].
So far our discussion has ignored terms that explicitly
break conformal invariance. Such terms must be present
in order to generate a non-zero mass for the Goldstone
boson χ. A simple way to do this is to deform the CFT
by adding an operator of scaling dimension ∆ 6= 4,
LCFT → LCFT + λO. (8)
This has the effect of generating non-derivative couplings
for χ of the form
V (χ) = χ4
∞∑
n=1
cn
(
χ
f
)n(∆−4)
, (9)
which can be formally obtained by expanding the CFT
formula for the vacuum energy 〈0|T exp[i ∫ d4xλO(x)]|0〉
to all orders in the symmetry breaking operator O(x).
The coefficients cn ∼ λn in Eq. (9) depend on unknown
details of the dynamics in the underlying CFT.
It is not possible to use Eq. (9) to make low energy pre-
dictions unless there exists a small expansion parameter.
We are interested in the case where the explicit breaking
is small, which means that either the coupling λ is small
in units of f (as would be the case for a light minimal
SM Higgs), or because the operator O is nearly marginal,
with scaling dimension |∆ − 4| ≪ 1 (as in walking tech-
nicolor theories [8, 18], or in Randall-Sundrum models
with stabilization similar to that of [19]). Both of these
cases are discussed in more detail in Ref. [16]. We re-
call here that in both cases, to first order in the small
breaking parameter, the dilaton potential is completely
determined in terms of the VEV 〈χ〉 = f and the mass
m2χ = d
2V/dχ2. Writing
V (χ) =
1
2
m2χχ
2 +
g
3!
m2χ
f
χ3 + · · · , (10)
we find that m2χ is linearly proportional to the symme-
try breaking parameter, m2χ ∼ ǫf2, and therefore χ is
naturally light relative to the scale f . From now on, we
will take the dilaton mass as the measure for the size of
symmetry breaking and thus we define ǫ ≡ m2χ/f2 ≪ 1.
In addition, the cubic coupling is given to leading order
in the symmetry breaking by
g =
{
∆+ 1 for λˆ≪ 1,
5 for |∆− 4| ≪ 1. (11)
(Here λˆ ∝ λ is a dimensionless measure of the coupling
λ). Note in particular, that for the Higgs case, with
∆ = 2, this agrees with the standard result on the cubic
coupling. The nearly marginal case can be realized, for
example, by the Coleman-Weinberg effective potential for
the Higgs [20], see also Ref. [21]. All other non-derivative
self-couplings are also determined in terms of mχ and
f , at least to leading order in the symmetry breaking
parameter.
The effects of symmetry breaking also modify the cou-
plings of χ to the SM fields. In the symmetry limit the
couplings are given in Eq. (5). Because of symmetry
breaking, after EWSB the coupling becomes
LY = −χ
f
∑
ψ
m(z)ψ¯ψ, (12)
where m(z) is an analytic function of z = λˆ(χ/f)∆−4.
In general, m(z) is a matrix in fermion flavor space (see
below) and reproduces the effects of an arbitrary num-
ber of insertions of the symmetry breaking perturbation
λ
∫
d4xO(x) into amplitudes. This gives to linear order
in χ¯,
LY = −
∑
ψ
mψψ¯ψ − χ¯
∑
ψ
Yψψ¯ψ + · · · , (13)
where in the λˆ≪ 1 case, one gets
mψ = m(0) + λˆm
′(0),
Yψ =
1
f
[
m(0) + λˆ(∆− 3)m′(0)
]
, (14)
while for |∆− 4| ≪ 1, we find mψ = m(λˆ) and
Yψ =
1
f
[
mψ + (∆− 4)m′(λˆ)
]
. (15)
Due to symmetry breaking, the Yukawa couplings to χ
consist both of a term proportional to the fermion mass
mψ and a mass independent term. While this addi-
tional mass independent correction is unimportant for
heavy fermions, it may in fact dominate for fermions
4with mψ ≪ f . This can lead to interesting physical
consequences, for example novel production channels at
hadron colliders, uu¯ → χ, dd¯ → χ, and unexpected dis-
covery channels, χ → e+e−, χ → µ+µ−, which we will
explore in detail below. Note that this effect is expected
to be more natural in the case of symmetry breaking by a
marginal operator, as achieving Yψ ≫ mψ/f in the case
λˆ≪ 1 requires a fine tuning in Eqs. (14) between terms
that are formally of different orders in the expansion. We
discuss an explicit model of this type in the next section.
In this discussion, we have neglected the flavor struc-
ture of the symmetry breaking couplings. In fact, each
term in the expansion of the functionm is an independent
3 × 3 matrix in flavor space. Thus the usual bi-unitary
transformations that diagonalize the fermion mass ma-
trices will not necessarily diagonalize the scale symme-
try breaking part of the fermion Yukawas unless one as-
sumes a particular flavor ansatz, e.g., minimal flavor vi-
olation [22]. The off-diagonal couplings would mediate
flavor changing processes like µ→ 3e and are constrained
by experiments. For the purposes of this paper, we will
neglect this issue and assume that the couplings are diag-
onal in flavor space but do not necessarily have the same
hierarchy structure as the SM Yukawa matrices.
The presence of operators that violate the chiral sym-
metry, like the dilaton coupling to the fermions, spoils
the technical naturalness of fermion masses. Radiative
corrections can generate sizable contributions to the mass
term. Defining ǫδY = (∆−4)m′(λˆ)/f in Eq. (15), there is
an interaction of two dilatons with fermions, ǫδY χ¯2ψ¯ψ/f
that generates a radiative correction to mψ that is of or-
der
δmψ ∼ Λ
2
(4πf)2
ǫδY f. (16)
By setting the ultraviolet cutoff Λ ∼ 4πf this becomes
δmψ ∼ ǫδY f . The amount of fine tuning depends on ǫ,
with less fine tuning required when ǫ is small.
For instance, for the muon, lack of fine tuning would
imply ǫδYµ ≈ 10−4. We will consider larger values of ǫδY
at the expense of possible fine tuning in the underlying
theory. It is useful to compare this situation to that in the
SM, where the naturalness of small fermion masses can
also be upset by new physics. For example, heavy states
beyond the SM can generate chirality-violating higher
dimensional operators such as
c1
Λ2
L¯HσµνeBµν ,
c2
Λ2
L¯HσµνeWµν . (17)
These contribute an amount δme ∼ ciev/(16π2) to the
electron mass through radiative corrections. One linear
combination of these operators also contributes to the
magnetic moment and is therefore small, but the orthog-
onal combination is not tightly constrained. In any case,
there are other operators, for example L¯(DµH)D
µe, that
are unconstrained and can also radiatively generate con-
tributions to the electron mass. In theories with strong
interactions or extra dimensions, one expects that the co-
efficients ci can be of order one, or perhaps larger if there
are N ≥ 1 species of heavy states that contribute. Con-
sequently, the contribution to the electron mass could be
as large as δme ∼ Nv/(16π2).
B. SM fields as spectators
It is also possible for the SM fields to be realized as
weakly coupled spectators to the CFT dynamics. In this
case, the theory above the scale f consists of the spec-
tator SM fields coupled to CFT operators. The role of
EWSB in scenarios with SM spectators coupled to a CFT
sector has been studied in Refs. [23, 24, 25].
Generically one expects all couplings between the SM
and the CFT that are allowed by the gauge symmetries to
be present. For illustration we will consider the example
LF = O(x)ψ¯ψ(x), (18)
with ψ an SM fermion and O(x) a CFT operator of en-
gineering (mass) dimension one and arbitrary scaling di-
mension ∆. For simplicity, we have suppressed EW quan-
tum numbers.
In the effective theory below the scale f , Eq. (18) in-
duces both a mass term for ψ and interactions of ψ with
any number of scale Goldstone modes. For vanishing
dilaton momenta, all such couplings are related to the
fermion mass, mψ = 〈0|O|0〉. E.g., the one-dilaton cou-
pling is fixed by the matrix element
〈χ(pµ → 0)|O(0)|0〉 = − i
f
〈0|[QS ,O(0)]|0〉 = mψ
f
∆,
(19)
where QS =
∫
d3xS0(x, 0) is the charge generated by the
scale current Sµ = xνT µν of the CFT. More generally,
the low-energy theory contains a coupling
Lψ = −mψ
(
χ
f
)∆
ψ¯ψ (20)
that includes the Yukawa Y = (mψ/f)∆ after expanding
about the VEV.
Thus, under the assumption that couplings induced by
more insertions of the operator Eq. (18) are subleading,
one finds that all dilaton couplings to ψ are proportional
to the fermion mass mψ. This result holds quite gener-
ally: any SM field that acquires a mass term after EWSB
has dilaton couplings proportional to its mass. The pro-
portionality constant is the dimension of the CFT oper-
ator that couples to the SM field. As shown in [26] this
result also holds if the symmetries allow for couplings
that induce mixing between the SM spectators and the
CFT.
It is important to note that the result in Eq. (20) holds
only if multiple insertions of Eq. (18) are somehow sup-
pressed. If this is not the case, then there will be multiple
independent contributions to the parametersmψ and the
5dilaton Yukawa, spoiling any correlation between them.
Also, while couplings such as that in Eq. (18) break con-
formal symmetry explicitly, it may still be necessary to
deform the CFT as in Eq. (8) in order to stabilize the
dilaton. Again, this will have the effect of inducing dila-
ton couplings which are not necessarily proportional to
mass.
If the strong and electroweak gauge interactions do not
emerge from the conformal sector, the loop induced cou-
plings χgg, χγγ become model dependent. This is true
even for the SM Higgs in the presence of heavy states
associated with new physics. We parametrize our igno-
rance regarding this UV physics in terms of the couplings
in Eq. (6), with bEM , bG replaced by arbitrary coeffi-
cients cEM , cG. Note that we take cEM , cG to include
only the contributions from heavy (non-SM) states. The
contribution of SM particles to χ→ gg, χ→ γγ must be
explicitly added by computing triangle diagrams.
III. TOY EXAMPLES
We would like to illustrate some of the observations
from the previous section in the context of two pertur-
bative examples. First, we will consider a model with a
Higgs doublet and a singlet. We will choose the param-
eters such that f ≫ v and the lightest scalar, which is a
linear combination of the Higgs field and the singlet, is
mostly the singlet state. We can easily calculate the cubic
coupling of such scalar using the analysis in Sec. II. Our
second example involves two Higgs doublets. We show
that the Yukawa couplings of the light scalar do not nec-
essarily vanish in the limit of zero fermion masses.
In the first example, we will concentrate on the scalar
potential only, as other interactions are not relevant for
our analysis. We consider an electroweak doublet H and
a real singlet S. The scalar potential is
V (H,S) =
λ
2
(
H†H − α
2
2
S2
)2
+
ζ
4
(
S2 − µ2)2 . (21)
A more realistic version of this toy model and its connec-
tion to the simultaneous breaking of EW and conformal
symmetries has been recently studied in [27].
The mass term for S breaks the conformal symmetry
explicitly, and to make that breaking small we assume
that ζ ≪ 1. This ensures that the mass term is small
compared to the expectation value of S. Note that in
the formal limit ζ → 0, the field S becomes a flat di-
rection, which can be identified with the dilaton of the
previous section. When λ → ∞, the fluctuations of H
about its VEV, 〈H†H〉 = α2〈S2〉/2, are infinitely mas-
sive and can be integrated out. The resulting low-energy
effective theory is precisely the EW chiral Lagrangian for
the Goldstone components of the Higgs field H coupled
to an electroweak singlet dilaton mode proportional to
the flat direction S.
Approximate scale invariance can still be used to un-
derstand the low energy dynamics away from the limit
ζ → 0, λ → ∞. At the minimum of the potential,
〈S〉 = µ and 〈HT 〉 = (0, v/√2), with v = αµ. After
EWSB there are two physical scalars, which we denote
as χ and φ. It is straightforward to express the fluctu-
ations around the corresponding minima S = µ+ s and
HT = (0, v+h√
2
) in terms of the mass eigenstates χ and φ
(
h
s
)
=
(
cos θ sin θ
− sin θ cos θ
)
·
(
φ
χ
)
, (22)
where in terms of the parameters in V (H,S)
tan 2θ =
αλv2
λv2(1− α2)/2− ζµ2 . (23)
We choose the parameters such that χ is the lighter mass
eigenstate. It is clear that (in the notation of the previous
section) v/f = sin θ, since all tree-level couplings of χ to
the SM fields are those of the Higgs boson multiplied by
v/f . For f ≫ v the light eigenstate is predominantly the
singlet field s, yet its couplings are Higgs-like due to the
underlying conformal symmetry.
We can now write the potential in Eq. (21) in terms of
the mass eigenstates in Eq. (22) and then calculate the
masses and couplings of the physical states. The expres-
sion is too long to be reproduced here. It is interesting
to note, however, that the cubic coupling of χ has a very
simple form when expressed in terms of its mass and the
scale f which governs its couplings to SM fields,
V =
1
2
m2χχ
2 +
1
3!
3m2χ
f
χ3 + . . . , (24)
where we carried out this calculation to first order in
ζ ≪ 1.
The same result could have been obtained without ex-
plicit reference to the scalar potential. All that matters
is that for energies below the mass of the heavy scalar φ,
the theory exhibits an approximate scale invariance. This
scale symmetry plus the (small) sources of symmetry
breaking completely fix the properties of the light mode
χ. Indeed, given that the largest source of symmetry
breaking in Eq. (21) is an operator of scaling dimension
∆ = 2, the result of Eq. (24) can be obtained quite eas-
ily, without explicit calculation. In particular, Eq. (11)
shows that the dilaton cubic coupling is (∆ + 1)m2χ/f ,
in agreement with Eq. (24). What is interesting here is
that this result is universal. None of the details of the
underlying model enter into its derivation, save for the
fact that the lightest scalar is a dilaton.
We now turn to a discussion of how scale symmetry
breaking affects the couplings to the SM fields. In partic-
ular we will consider fermion Yukawa couplings. Our ex-
ample is essentially a model discussed in Refs. [14, 28, 29],
but it would be easy to generate similar behavior with
more scalar fields. Consider a two Higgs doublet model
where both doublets couple to the same type of fermions,
for example the down quarks
LY = −y1Q¯H1d− y2Q¯H2d+ h.c.. (25)
6We are not concerned with possible flavor-changing neu-
tral currents in such a scenario [30] as our example is
an illustration of principle only and its parameters will
have to be fine-tuned anyway. The potential for the two
doublets is taken to be
V (H1, H2) =
λ
2
(
H†1H1 −
µ2
2
)2
+M2H†2H2
−
(
gH†2H1H
†
1H1 + h.c.
)
+ . . . , (26)
where we have omitted other quartic terms that are not
relevant for our argument. For large values of M we
can integrate out the doublet H2 by substituting H2 →
gH1H
†
1H1/M
2.
We expand around the minimum of the potential where
the lower component of H1 is approximately (v+h)/
√
2.
The Yukawa terms in Eq. (25) become
LY = −y1d¯
[
v + h√
2
]
d− y2d¯ g
M2
[
v + h√
2
]3
d+h.c. (27)
Therefore the mass of the d quark is
md =
v√
2
(
y1 +
gv2
2M2
y2
)
, (28)
while its Yukawa coupling is
yd =
1√
2
(
y1 +
3gv2
2M2
y2
)
. (29)
These results agree with the general argument leading
to Eq. (14), where we identify the relevant source of
scale symmetry breaking with the dimension-six oper-
ator (H†1H1)
3 induced by integrating out H2 through its
equation of motion.
The original Yukawa couplings, y1 and y2, enter the
equations above in two independent linear combinations.
For light fermions, it is possible to balance the two terms
such that md → 0 while yd → −y1
√
2. In this limit, the
Yukawa coupling of the light fermion can be significantly
enhanced compared to the case of the SM with a Higgs
doublet, where the Yukawa coupling is proportional to
fermion mass. Of course, this limit has been achieved
by fine tuning, which may be less severe in models with
large couplings. We may also find out experimentally
that the there are fine tunings in the fermion sector and
the Yukawas of the light fermions are much larger than
naively expected.
IV. COLLIDER PHENOMENOLOGY
We parameterize the light dilaton couplings that are
relevant for collider physics in terms of the following ef-
fective Lagrangian,
Lχ = − χ¯
f
∑
ψ
(
mψ + ǫy
(1)
ψ v
)
ψ¯ψ
+
(
2χ¯
f
+
χ¯2
f2
)(
m2WW
+
µ W
−µ +
1
2
m2ZZµZ
µ
)
+
χ¯
f
[αEM
8π
cEM (Fµν)
2 +
αs
8π
cG(Gµν )
2
]
, (30)
where the fluctuations about the VEV 〈χ〉 = f are given
in terms of a canonically normalized field χ¯ with mass
mχ. The constant ǫ ≡ m2χ/f2 parameterizes the size
of deviations from exact scale invariance. As discussed
in Sec. II, the couplings to massless gauge bosons, en-
coded in the coefficients cEM and cG, depend sensitively
on assumptions about ultraviolet physics. In particular,
if it is assumed that the electroweak and QCD couplings
become asymptotically conformal, then cEM , cG are the
respective one-loop beta function coefficients, calculated
including all relevant fields lighter than mχ.
We will investigate the properties of the dilaton mode
at colliders as a function of the model parameters mχ, f ,
the nine additional contributions to the Yukawa cou-
plings y
(1)
ψ , and the dilaton couplings to the massless
gauge bosons cEM and cG. Instead of sampling the vast
multi-dimensional parameter space, we will only study
several representative regions where the dilaton proper-
ties can be significantly modified relative to those of the
SM Higgs boson. See Ref. [31] for an overview of the
prospects for the determination of Higgs couplings at the
LHC.
A. New Production Channels
For the minimal SM Higgs boson, the main produc-
tion mechanisms at a hadron collider are the gluon-gluon
fusion mechanism gg → χ, associated production with
W/Z bosons qq¯ → V + χ, weak vector boson fusion pro-
cesses qq → V ∗V ∗ → qq + χ, and associated production
with a top quark pair, gg, qq¯ → tt¯ + χ [32]. These are
also the dominant channels for the case of a light dilaton.
For a light dilaton, the cross sections of the tree-level
processes scale as (v/f)2 compared to the SM Higgs pro-
duction cross sections. The gluon fusion mechanism, on
the other hand, depends crucially on the coupling cG.
For instance, embedding QCD in the conformal sector
will result in an enhancement in cG which may overcome
the scaling suppression factor (v/f)2 in the cross section.
A possible enhancement of the couplings between χ
and the first generation quarks opens the new produc-
tion channels uu¯ → χ, dd¯ → χ at the LHC and the
Tevatron. For example, at the LHC the tree-level cross
section for these processes (employing the narrow width
approximation) is
σLO(pp→ χ) = σχ0 τχ
dLqq¯
dτχ
, (31)
where
σχ0 =
πv2m2χ
3f6
(y(1)q )
2, (32)
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dLqq¯
dτχ
=
∫ 1
τχ
dx
x
fq(x, µ
2
F )fq¯(
m2χ
xs
, µ2F ). (33)
Here, fq, fq¯ are the parton distribution functions for q =
u, d, and τχ = m
2
χ/s, with s the collider center of mass
energy squared, is the usual Drell-Yan variable. In our
plots below, we take y
(1)
u , y
(1)
d = 1 and v/f = 0.3. We use
the CTEQ5 parameterization for the parton distribution
functions and choose the factorization scales to be µF =
mχ. The total hadronic cross sections at leading order
(LO) are are shown in Fig. 1 and Fig. 2 for the Tevatron
and the LHC, respectively.
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FIG. 1: Tevatron production cross sections for different chan-
nels at LO as a function of mχ. Shown are the cross sections
uu¯→ χ with y
(1)
u = 1, dd¯→ χ with y
(1)
d = 1, and gg → χ for
two different coupling values. The gg1 curve corresponds to a
SM like ggχ coupling arising solely from the top quark loop
while the gg2 curve corresponds to the scenario where the SM
is fully embedded in the CFT such that cG = 11− 2nf/3.
Given the choices of parameters in Fig. 1, the cross sec-
tions of the light quark annihilation channels are roughly
1 pb at the Tevatron over the entire range of masses. The
quark annihilation cross sections exceed the gluon fusion
channel for mχ > 150GeV, even when the ggχ coupling
constant is enhanced to cG = 11− 2nf/3. At LHC ener-
gies, the qq¯ → χ cross sections increase with increasing
mχ for reasonable values of the mass. The sum of the u, d
channels is about 10 pb for mχ ∼ 120 GeV and about
20 pb for mχ ∼ 700 GeV.
The growth of the cross section with mass is due to the
symmetry breaking Yukawa couplings in Eq. (30), which
increase with m2χ for fixed f . This is, of course, very
different than for processes mediated by dilaton couplings
that are already present in the symmetry limit ǫ → 0.
Such couplings are independent of mχ and the relevant
cross sections decrease rapidly as mχ increases. For large
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FIG. 2: LHC production cross sections for different channels
at LO as a function of mχ. The correspondence between line
types and processes is as in Fig. 1.
mχ, the uu¯, dd¯ channels become comparable to the gg
channel with cG = 11 − 2nf/3 and surpass it for mχ >
350 GeV.
Another possible production mechanism resulting from
enhanced uu¯χ, dd¯χ couplings is dilaton bremsstrahlung
associated with one or two jets, e.g., ug → u∗ → uχ.
We have checked that at the LHC, the cross section of
bremsstrahlung associated with one jet is ∼ 1 pb but still
smaller than that of the qq¯ → χ channel.
B. New Discovery Channels
For a dilaton with Higgs-like couplings, the dominant
decay channel is χ → bb¯ in the low mass region and
χ → WW/ZZ in the high mass region. Just as for the
SM Higgs, different strategies must be employed in order
to extract the dilaton signal depending on the precise
value of mχ and the dominant production mechanism.
For example, the most promising discovery mode for the
gluon fusion channel is χ → ZZ → 4l or χ → WW →
llνν if χ is sufficiently heavy. As we discussed earlier, new
heavy states can modify the couplings ggχ and γγχ, as is
also the case for the minimal SM Higgs couplings if there
is new physics [33, 34]. The χ→ γγ process can be very
important in the SM. It is likely that the γγχ coupling
will be suppressed compared to the SM γγh coupling [16],
thus we do not discuss this channel further.
The possibility of enhanced Yukawa couplings to light
SM fermions would imply new discovery channels that
are not significant in the case of the SM Higgs. For ex-
ample, an enhancement in the χℓℓ¯ vertex, with ℓ = e, µ
would result in experimentally clean new discovery sig-
natures χ → e+e−, χ → µ+µ− which are negligible for
the SM Higgs due to the small Yukawa couplings.
8For illustration, we consider a point in parameter space
with an “anomalous” Yukawa coupling to muons, but
with all other light fermion Yukawas proportional to their
mass (in the notation of Eq. (30), we set y
(1)
ψ = 0 except
for ψ = µ). In this case we can compare with the existing
studies of h → µ+µ− via gluon fusion [35, 36], see also
[37]. In these references, it is shown that for the minimal
Higgs, gg → h → µ+µ− is rather clean but requires a
large integrated luminosity of L = 300 fb−1 for a 3σ
signal in the mass range mh ∼ 115− 140 GeV.
In the dilaton case, the enhancement of this process
can be dramatic. The cross section for the gg → χ →
µ+µ− is proportional to σ(gg → χ) × BR(χ → µ+µ−).
The cross section σ(gg → χ), as we discussed above, is
sensitive to contributions from physics beyond the SM.
Due to the enhanced χµ+µ− coupling, the branching
fraction BR(χ → µ+µ−) may also deviate significantly
from that of the minimal Higgs, BR(h→ µ+µ−) ∼ 10−4
in the mh ∼ 115− 140 GeV mass range.
The gg → χ→ µ+µ− channel is potentially accessible
at the Tevatron. Therefore, the null search result for
new scalar particles decaying into final states containing
muon pairs [38] places limits on the model parameters
mχ, f , and y
(1)
µ . Using the 95% upper limits on σ(pp¯→
χ)×BR(χ→ µ+µ−) for several values ofmχ in the range
150 GeV to 800 GeV reported in Ref. [38], we present the
constraints on the parameters v/f and y
(1)
µ in Fig. 3 and
Fig. 4. In these plots we assume that only the coupling
to muons is enhanced, with the couplings to other light
fermions suppressed by their mass.
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FIG. 3: Upper limits on v/f as a function of mχ implied by
the Tevatron lepton pair data. We assume y
(1)
µ = 1 and all
other y
(1)
ψ = 0. The different curves correspond to bounds
for several choices of the χgg coupling cG. Also shown is the
line m2 = f2 beyond which approximate scale symmetry no
longer holds.
Fig. 3 shows the limit on v/f as a function of mχ,
where we set y
(1)
µ = 1. The most stringent limits on
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FIG. 4: Upper limits on y
(1)
µ as a function of v/f implied by
the Tevatron lepton pair data. We assume mχ = 150 GeV,
y
(1)
µ 6= 0, and all other y
(1)
ψ
= 0. From left to right, cG =
11− 2/3nf , 4, 2, 1.
v/f correspond to large σ(gg → χ) (large cG), while the
bound on v/f relaxes as mχ increases. There are two
effects responsible for this: the decrease in σ(gg → χ)
for large masses, and BR(χ→ µ+µ−) becomes negligible
compared to the WW,ZZ channels as mχ increases. We
do not consider mχ > f as this corresponds to badly
broken scale symmetry. The boundary mχ ≤ f is also
indicated in Fig. 3. Fig. 4 illustrates the bounds formχ =
150 GeV expressed as a limit on y
(1)
µ as a function of v/f .
A scalar with enhanced couplings to leptons could have
been observed at LEP. The absence of significant devia-
tions from the SM predictions at LEP implies constraints
on such couplings. As an example, we consider the LEP2
data in the e+e− → µ+µ− channel [39], which constrains
the product y
(1)
e y
(1)
µ . The bounds are presented in Fig. 5.
These bounds are very stringent at the center of mass en-
ergies where LEP collected data. They are correspond-
ingly weak away from the LEP2 mass range.
In Fig. 6 we display the dilaton branching fractions in
the case where only the muon couplings are enhanced.
We choose v/f = 0.3 and y
(1)
µ = 1. As for the mini-
mal SM Higgs boson, for mχ > 160 GeV the dilaton de-
cays primarily into WW,ZZ pairs. For mχ < 150 GeV,
the µ+µ− channel becomes comparable to the bb¯ chan-
nel. The dilaton mass and the muon Yukawa coupling
are correlated, so at large mχ the BR(χ → µ+µ−) ac-
tually increases. Even though our analysis has focused
on the possibility of an enhanced χµ+µ− coupling, en-
hancements for the couplings to e+e− or τ+τ− can also
lead to other clean discovery channels. For mχ < 2mW ,
these Yukawa couplings are more important than they
are for a heavy dilaton which mainly decays into weak
gauge bosons.
Finally, we present the 5σ discovery range for mχ =
910−5
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FIG. 5: 95% CL upper limit on the product λ =
(v/f)2y
(1)
e y
(1)
µ implied by the LEP2 data, as a function of
mχ. The plot only shows a small range of mχ around the en-
ergies for which LEP2 collected data, where the bounds are
most stringent.
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FIG. 6: Dilaton branching ratios as a function ofmχ for v/f =
0.3, cG = 1. We have set y
(1)
µ = 1 and y
(1)
ψ = 0 for all other
fermions.
150 GeV in the (v/f, y
(1)
µ ) plane, assuming an integrated
luminosity L = 30 fb−1. Ref. [35] (their Fig. 1) summa-
rizes the magnitude of the modification to σ(gg → h →
µ+µ−) due to new physics, κ = σNew/σSM |gg→h→µ+µ−
required for both 3σ and 5σ level discoveries with L =
300fb−1 in both the ATLAS and CMS detectors at the
LHC. By rescaling their plot, we find that in our case
a 5σ discovery at L = 30 fb−1 requires κ = 17.4 for
mχ = 150 GeV. The parameter space accessible at the
LHC is presented in Fig. 7, taking into account bounds
from direct searches at the Tevatron.
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FIG. 7: Potential 5σ discovery regions in the gg → χ→ µ+µ−
channel for a dilaton with mχ = 150 GeV with both AT-
LAS and CMS detectors collecting an integrated luminosity
of 30 fb−1 each. For each value of cG shown, the discovery
region lies between the two solid (dashed) lines. The lower
curves represent bounds on the discovery region while the up-
per curves represent the Tevatron bounds from Fig. 4.
V. CONCLUSIONS
The breaking of electroweak symmetry could be trig-
gered by the dynamics of a nearly conformal sector. In
such a case there will be a light pseudo-Goldstone boson,
the dilaton, associated with the spontaneous breaking of
conformal symmetry. We investigated properties of the
dilaton, focusing on possible deviations from the proper-
ties of the SM Higgs boson.
This scenario would be most interesting if the nearly
conformal sector is strongly interacting. However, few
details of our analysis depend on the presence of strong
interactions. The non-derivative couplings of the dilaton
depend on the dimensions of operators that explicitly
break conformal invariance. These in turn depend on
the details of the underlying theory.
We considered contributions to the dilaton-fermion
couplings arising from small explicit conformal symme-
try breaking. Since the Yukawa couplings in the SM are
proportional to the fermion masses, we studied the mod-
ifications of the Yukawa couplings to the light fermions.
Such couplings can be significantly enhanced and this can
lead to novel hadron collider phenomenology. Even mod-
est enhancements of the couplings to the light fermions
are of great phenomenological relevance. First, new pro-
duction channels like uu¯→ χ, dd¯→ χ may become more
important than the gluon fusion channel. Second, new
clean discovery signatures like χ → e+e−, µ+µ− can be
10
viable unlike in the case of the SM Higgs boson. These
processes might provide a handle on the dynamics at en-
ergy scales beyond the reach of the LHC.
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